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We have studied the temporal and spatial control of cell migration from the external germinal layer (EGL) in the mammalian cerebellum
as a model for cortical migration. Our results have demonstrated that embryonic EGL cells do not migrate into internal layers because they
respond to a diffusible attractant in the meninges, the nonneural tissues covering the nervous system, and to a repellent in the
neuroepithelium. Two developmental changes are important for postnatal EGL migration: the disappearance of the repellent in the inner
layers and a switch in cellular responsiveness of EGL cells so that the postnatal EGL cells respond to the repellent, but not the attractant in the
meninges. Besides revealing the signaling role of meninges in cortical development, our study suggests that an active mechanism is required
to prevent cell migration, and that mechanisms of cell migration should be studied even in the absence of apparent changes in cell positions.
We propose a model for the developmental control of neuronal migration in the cerebellar cortex.
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Neuronal migration is essential for the formation of
cerebral and cerebellar cortices in the mammalian brain. A
classic model for cortical lamination involves the migration
of cells from the external germinal layer (EGL) into the
internal granule layer (IGL) in the cerebellum (Altman and
Bayer, 1997; Hatten, 1999; Hatten and Heintz, 1995; Pearl-
man et al., 1998; Rakic, 1971a,b, 1990; Rice and Curran,
1999).
In the embryo, EGL cells are derived from cells in the
upper rhombic lip (URL) (Alder et al., 1996; Altman and
Bayer, 1997; Hatten, 1999; Wingate and Hatten, 1999).
Cells in the URL migrate tangentially to form the EGL
(Wingate and Hatten, 1999). Once in the EGL, the URL
derived cells do not migrate towards the IGL in the embryo
(Altman and Bayer, 1997; Hatten, 1999). Postnatally, EGL
cells are induced to proliferate by the sonic hedgehog
protein secreted from the Purkinje cells underlying the0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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EGL cells migrate radially from the more superficial layer
through the Purkinje cell layer to IGL, giving rise to the
granule cells (Rakic, 1971a, 1990). At the cellular level, the
migration of EGL cells towards the IGL in vivo is thought to
be dependent on radially aligned glial fibers (Rakic, 1971a).
Mutations in several genes affect neuronal positioning in
the cerebellum of rodents (Dhavan and Tsai, 2001; Rice and
Curran, 1999, 2001; Ross and Walsh, 2001). These include
reeler (reviewed in Rice and Curran, 2001), scrambler
(Howell et al., 1997; Sheldon et al., 1997; Sweet et al.,
1996; Ware et al., 1997), disabled-1 (Dab-1), weaver
(Hatten et al., 1984), cdk5 and its activator p35 (Chae et
al., 1997; Dhavan and Tsai, 2001; Nikolic et al., 1996; Tsai
et al., 1994). The reeler gene encodes a secreted protein
Reelin (D’Arcangelo et al., 1995). Reelin binds to the very
low density lipoprotein (VLDL) and ApoE2 receptors and
activates a pathway involving Dab-1 (D’Arcangelo et al.,
1999; Hiesberger et al., 1999; Trommsdorff et al., 1999). In
the neocortex, the precise functional role of the Reelin
pathway is still not clear (Rice and Curran, 2001), although
one possibility is that Reelin provides a stop signal for
neurons migrating from the ventricular zone to the cortical
plate (Pearlman et al., 1998). In the cerebellum, the Reelin
pathway does not seem to act on the EGL cells; Reelin is
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to promote the formation of the Purkinje cell layer (D’Ar-
cangelo et al., 1995; Howell et al., 1997; Sheldon et al.,
1997).
Despite extensive studies, the understanding of mecha-
nisms controlling the spatial and temporal aspects of EGL
migration is still limited. For temporal control, there have
been no experimental studies designed to address the
question why the embryonic EGL cells do not migrate into
the IGL whereas the postnatal EGL cell do. For spatial
control, it is not known what directs postnatal EGL cells
migrate towards the IGL. We have now investigated the
mechanisms underlying temporal and spatial control of EGL
migration by studying the migration of embryonic and
postnatal EGL cells in rodents. The study documents the
developmental properties of both guidance sources and
targets neurons, and provides a framework for understand-
ing molecular basis of EGL migration. Our analyses have
revealed attractive and repulsive forces that control the
migration of EGL cells. Our result uncovered a signalingFig. 1. Migration of EGL cells in three dimensional gel matrices. (A) A diagram of
the URL and their placements in collagen cultures. Note that cells migrate from thre
the edge of URL. (B) A diagram of E17 rat cerebellar primordium, showing
neuroepithelium (NE). (C) A diagram of part of the neonatal cerebellum, showing
(D) A bright field view of an E15 URL explant cultured alone for about 36 h. As in
field view of an E17 EGL explant cultured in collagen gels for the same length of p
gels for about the same length of period as D. The scale bar is 100 Am.role for the meninges in neural development. We discover
that an attractive activity is involved in halting intrinsically
migratory neurons. This is the first time in any system that
such mechanism is required to prevent cells from premature
migration. We have found that temporal control of cell
migration is accomplished by regulation of spatial control.
Based on our study, we propose a systematic model on
temporal and spatial control of EGL migration.Materials and methods
Materials
Timed pregnant Sprague–Dawley rats were obtained
from Charles River. Collagen gels were made from rat tail
tendon. Matrigel basement membrane matrix was from
Collaborative Biomedical Products. Mouse anti-TuJ1 mono-
clonal antibody was from Covance Research Products; anti-
nestin monoclonal antibody (RAT401) was from PharMin-E15 rat cerebellar primordium (CEP) showing the isolation of explants from
e sides of the explants (b, c and d), but not from side a because this side was
the relative positions of the EGL, the differentiation zone (DZ) and the
the EGL, the Purkinje cell layer (PL) and the internal granule layer (IGL).
dicated in panel A, few cells migrated out from the lower edge. (E) A bright
eriod as D. (F) A bright field view of a P0 EGL explant cultured in collagen
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from Sigma (G 3893). Cy3-conjugated donkey anti-goat
antibodies and Cy3-conjugated goat anti-rabbit antibodies
were from Jackson ImmunoResearch Laboratories. Pertussis
toxin (PTX, P7208), Hoechst 33258, and paraformaldehyde
(PFA) were obtained from Sigma.
Explant assay for EGL migration
Cocultures of EGL explants were performed similarly as
previously reported with some modifications (Zhu et al.,
1999). Explants were isolated from the EGL of E17 rats or
the URL of E15 rats. Explants from postnatal day 0 (P0) and
P5 behaved similarly. For explants of postnatal EGL, para-
sagittal cerebellar slices of 300 Am were cut on a Vibratome,
and the EGL explants were dissected by a fine tungsten
needle from the anterior cerebellum. Meninges were taken
from the area directly covering the cerebellum. Isolated
regions of proper layers had been confirmed by immunos-
taining with anti-MATH1, anti-TuJ1, anti-Calbindin, and
anti-nestin antibodies on frozen sections of explants that
were fixed immediately after dissection. Aggregates of HEK
were prepared as described previously (Li et al., 1999; Zhu
et al., 1999). Explants and cell aggregates were positioned at
a distance of 300 to 400 Am in a 1:2 mixture of Matrigel and
collagen gel. For the embryonic EGL explants, few cells
migrated out of the edge of rhombic lip (side a in Figs. 1A
and D), and we therefore avoided to have this edge face
toward or away from the source: the explants were posi-
tioned in a way that either of the cutting edges of the
medial– lateral orientation in the developing cerebellum
faced the source (side b or d in Fig. 1A). For the postnatal
EGL explants, the explants were positioned in a way that
either of the vibratome-sectioned edges faced the source.
The cocultures were performed in 10% FCS (fetal calf
serum), 1P/S (penicillin and streptomycin), DMEM (Dul-
becco’s minimal essential medium, Gibco) for 24 to 48 h in
5% CO2 at 37jC. To calculate P/D and D/P ratios, cultures
were fixed and stained with the nuclear dye. Pictures were
taken with a CCD camera and the images were analyzed
with Scion Image software (Release Beta 4.0.2, Scion
Corporation) to obtain the ratios of numbers of migratory
cells on the proximal and distal sides. Statistic analyses were
carried out with Student’s t test.
Immunostaining of the explants cultured in collagen
matrix was performed similarly as previously reported
(Zhu et al., 1999). Confocal images were taken on an
Olympus fluoview laser scanning microscope. SYTOX
Green nucleic acid stain (S-7020, Molecular Probes) instead
of Hoechst dye was used as the nuclear dye in the confocal
images.
PTX blocking experiment
Explants were dissected and then incubated in the culture
medium with 0.1 Ag/ml of PTX for 4 h at 37jC. Thecontrols were explants cultured at the same time in the
medium without PTX. After pretreatment, cocultures of the
EGL explants with meninges were performed as described
above except that PTX was added to both the mixture gel
and the culture medium. PTX in control cocultures did not
affect the production of secreted proteins from HEK cell
aggregates (data not shown).Results
Migration of neurons from the EGL in three dimensional gel
matrices
It is known that cells in the URL migrate tangentially
into the EGL of the mammalian cerebellum (Adler et al.,
1996; Altman and Bayer, 1997; Hatten, 1999; Wingate and
Hatten, 1999). However, the embryonic EGL cells do not
migrate internally whereas the postnatal EGL cells do
migrate into the IGL (Altman and Bayer, 1997; Hatten,
1999). The mechanism for the lack of migration of embry-
onic EGL cells into the internal layers has not been
previously investigated. During the course of our studies
of EGL cell migration to address the question why embry-
onic EGL cells do not move into internal layers, we
established an in vitro culture assay with three dimensional
collagen matrices.
Three dimensional matrices are a reliable system for
studying neuronal migration (Letinic and Rakic, 2001;
Marin et al., 2001; Pleasure et al., 2000; Powell et al.,
2001; Wong et al., 2001; Wu et al., 1999; Zhu et al., 1999)
and were used here to culture explants of the URL and
different stages of EGL (Figs. 1 and 2). Cells could migrate
out of the URL explants from embryonic day 15 (E15) rats,
EGL explants of E17 and postnatal day 0 (P0) rats (Fig. 1).
Immunocytochemistry with the neuronal specific anti-TuJ1
antibody showed that these migrating cells were neurons
(Figs. 2B and E). Antibodies to the glial fibrillary acidic
protein (GFAP) can be used to examine postnatal glial cells
in the cerebellum, but they do not stain for embryonic glial
precursor cells. Antibodies to nestin could reveal glial
precursor cells as well as neuronal precursor cells in
embryonic and postnatal cerebellum (Hopfield and McKay,
1985; Sotelo et al., 1994). Results from immunocytochem-
istry with antibodies to nestin and GFAP showed that glial
cells and their precursor cells stayed within the explants and
did not migrate out of either embryonic or postnatal EGL
explants (Figs. 2H, K and N). All cells that migrated out of
the explants are TuJ1 positive neurons (Fig. 2E). These
results indicate that neurons in the EGL do not rely on glial
fibers for their migration.
The leading processes of neurons migrating from E15
URL and postnatal EGL explants are quite long and give the
appearance that migrating neurons are associated with, or
perhaps even move along, the processes of other neurons
(Figs. 1D and F). However, although neurons from E17
Fig. 2. Distribution of neuronal and glial cells in cultures of EGL explants. Embryonic URL explants (A–C, G–I) and postnatal EGL explants (D–F, J–O)
were stained with anti-TuJ1 (B, E), anti-nestin (H, K), or anti-GFAP antibodies (N). All antibody stainings were shown in red. The color of counter-staining
with the nuclear dye Hoechst 33258 was converted from blue to green for better visualization (A, D, G, J, M). Combining red and green signals of the same
explants results merged pictures (C, F, I, L, O). E17 EGL explants were similar to E15 URL and are therefore not shown here.
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those of E15 and postnatal EGL explants. It is clear that E17
neurons migrated individually, without relying on the fibersFig. 3. Guidance of embryonic EGL cells by the meninges and the neuroepithelium
More cells were present in the quadrant proximal to the eM than those in the qua
Coculture of an E15 EGL explant with postnatal meninges (pM); (D) Coculture o
same stage. (E–H) Confocal images of the cocultures of embryonic EGL explants
Dots mark the edge of the meningeal explants. An optical section of the explant sta
another explant stained with the nuclear dye (G) and anti-nestin antibody (H).
explants so that dotted lines were straight. (I) Statistical analysis of results of cultu
the control, 49 for eM, 94 for pM, 11 for DZ, 6 for NE, and 12 for DZ + NE. The
and the P–D ratios were calculated (mean F S.E.M.) (Zhu et al., 1999), a P–D rat
distal/proximal (D–P) ratio was shown to indicate repulsion. Columns eM and pM
whereas column DZ is not ( P = 0.916).of other neurons (Figs. 1E and 3B and D). These results
indicate that, although it is difficult to rule out the possibility
of neuronal migration along other neuronal fibers for E15. (A) Coculture of an E15 EGL explant with the embryonic meninges (eM).
drant distal to the eM; (B) Coculture of an E17 EGL explant with eM; (C)
f an E17 EGL explant with an explant of the neuroepithelium (NE) of the
with embryonic meninges. White dashes indicate the outline of the explants.
ined with a nuclear dye (E) and anti-TuJ1 antibody (F). An optical section of
For confocal studies, a permeable filter was placed around the meningeal
ring EGL explants alone (C) or cocultures; numbers of explants used: 31 for
numbers of cells in the proximal (P) and distal (D) quadrants were counted
io larger than 1 indicates attraction. When P–D ratio is much smaller than 1,
are very significantly different from the control ( P < 0.001 in both cases)
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do not have to move along tracks formed by fibers of other
neurons, at least in the cases of neurons from E17 explants.With the exception of the length of neuronal processes, the
URL cells and embryonic EGL cells responded similarly in
all assays described below.
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neuroepithelium
With the establish assay, we investigated whether the
migration of embryonic URL and EGL cells could be
affected by their neighboring tissues. The outer neighbor
of the EGL is the nonneuronal meninges, which cover the
nervous system. Layers internal to the EGL in the embry-
onic cerebellum include the differentiation zone (DZ) and
the neuroepithelium (NE) (Fig. 1B).
The intuitively obvious way for the neighboring
tissues to control EGL migration is to inhibit the
intrinsic motility of the embryonic EGL cells. However,
coculture experiments showed that cells migrated from
the embryonic EGL explants in the presence of the
neighboring tissues (Fig. 3), indicating that none of the
neighboring tissues could inhibit EGL migration. Inter-
estingly, cells from both the E15 URL (Fig. 3A) and
the E17 EGL (Fig. 3B) migrated towards the meninges,
as indicated by the presence of a larger number of cells
in the quadrant proximal to the meninges than that in
the distal quadrant (Figs. 3A, B and I). These results
indicate that the meninges attract EGL cells, and do not
inhibit EGL migration. Because the attraction was not
dependent on cell contact (Figs. 3A and B), the
attractive cue(s) in the meninges must be diffusible.
The neuronal nature of EGL cells attracted by the
meninges was shown by positive staining for the
TuJ1 antibody (Fig. 3F). The attractive effect of the
meninges is likely to be direct on the neurons, rather
than being indirectly through glial fibers because stain-
ing for glial precursor cells with an anti-nestin antibody
showed that glial precursor cells stayed within the
explants (Fig. 3H).
When EGL explants were cocultured with the NE, it was
found that the NE repelled the EGL cells (Figs. 3D and I).
The repellent(s) in the NE was also diffusible. The DZ
neither attracted nor repelled the EGL cells (Fig. 3I).
Explants containing both the NE and the DZ (labeled as
NE + DZ in Fig. 3I) were still repulsive to the EGL cells,
indicating that DZ did not mask the repulsive activity
diffusing from the NE.
In summary, the embryonic EGL cells respond to a
diffusible attractive activity in the meninges and a diffus-
ible repellent in the NE, suggesting that the strategic
positioning of the guidance cues may make the EGL cells
unable to move into the inner layers in the embryonic
cerebellum.Fig. 4. Responses of postnatal EGL cells to guidance activities. (A) Cocultur
magnification view of the distal side of the EGL explant in A. (C) A high magnif
100 Am. (D) Coculture of a postnatal EGL explant with the embryonic meninges.
and internal granular layer. (F) Staining with the nuclear dye. (G) Staining of the sa
Staining of the same explant as that in H with the anti-nestin antibody. The scale ba
numbers of explants used: 28 in pEGL alone (C), 134 in eM, 215 in pM, and 22
control ( P < 0.001 in both cases), whereas column PL + IGL is not ( P = 0.773Developmental changes in the responsiveness of EGL cells
to guidance cues in the meninges
The presence of attractive and repulsive activities in
tissues surrounding the EGL raises the question of how
postnatal EGL cells can migrate into the IGL. We first
investigated the activity in the inner layers. Postnatally, the
neuroepithelium is absent. But do the Purkinje cell layer
(PL) and the IGL have any attractive or repulsive activities?
Coculture experiments indicated that the PL and the IGL
were neither attractive nor repulsive to the postnatal EGL
cells (Figs. 4E and J).
We then examined the guidance activities in the meninges.
If the meninges are attractive to the EGL, how could EGL
cells move away from it? One possibility is that there is a
developmental change in the signal sent by the meninges, so
that only the embryonic, but not the postnatal, meninges
send the attractant. Alternatively, there could be a change in
the responsiveness of the EGL cells to the meningeal
signal(s), so that postnatal EGL cells do not respond to
the attractive signal. It is also possible that both of these
changes take place.
To distinguish among possibilities, we cocultured em-
bryonic and postnatal meningeal explants with EGL
explants of the same or different developmental stages.
Similar to the embryonic meninges (Figs. 3A and B), the
postnatal meninges also attracted the embryonic EGL cells
(Fig. 3C). On the other hand, the postnatal EGL cells were
repelled by both the postnatal meninges (Fig. 4A) and the
embryonic meninges (Fig. 4D). The repelled postnatal EGL
cells were neurons (Fig. 4G) whereas glial cells stayed
within the explants (Fig. 4I) and glial fibers grew a very
short distance outside the explants (Fig. 4I).
These results indicate that both attractive and repulsive
activities are present in the meninges and that these activ-
ities are present in both the embryonic and postnatal
meninges. By contrast, a critical developmental change
has taken place in the EGL cells: the embryonic EGL cells
respond predominantly to the attractant in the meninges,
whereas the postnatal EGL cells respond predominantly to
the repellent in the meninges.
Differential sensitivities of the attractive and repulsive
responses to PTX
Because it is known that the same cells can change their
responses to the same molecular cue (Ming et al., 1997;
Poznansky et al., 2000; Song et al., 1997, 1998) and becausee of a postnatal EGL explant with the postnatal meninges. (B) A high
ication view of the proximal side of the EGL explant in A. The scale bar is
(E) Coculture of a postnatal EGL explant with the postnatal Purkinje layer
me explant as that in F with anti-TuJ1. (H) Staining with the nuclear dye. (I)
r is 100 Am. (J) Statistical analysis with the response of postnatal EGL cells;
in PL + IGL. Columns eM and pM are very significantly different from the
).
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meninges (Lu et al., 2001; Zhu et al., 2002), it is possible
that postnatal EGL cells are repelled by SDF-1 in themeninges. In other words, the same molecule that attracts
the embryonic EGL cells may also repel the postnatal EGL
cells.
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heterotrimeric G proteins, to test the sensitivities of the
EGL cells. We found that, although the attractive response
of embryonic EGL cells to the meninges was blocked by
PTX (Figs. 5A and C), the repulsive response of the
postnatal EGL cells to the postnatal meninges could not
be blocked by PTX (Figs. 5B and C). These results
indicate that the attractant and the repellent are distinct
and that the attractant signals through G-protein coupled
receptors sensitive to PTX, whereas the repellent in the
meninges does not.Fig. 5. PTX sensitivity of the attractive and repulsive responses in the EGL. (A
embryonic meninges in the presence of PTX. The attractive response was blocked
the postnatal meninges in the presence of PTX. The repulsive response was not
response of the EGL cells toward the meninges in the presence of PTX; numbers o
pM, and 12 in pEGL + pM + PTX. eEGL + eM is very significantly different from
from pEGL + pM + PTX ( P = 0.630).Discussion
Our studies have provided insights into two important
aspects of cell migration. First, our results have provided a
basis to understand cellular mechanisms controlling both the
timing and the direction of EGL cell migration in the
cerebellum. The model illustrated in Fig. 6 describes major
cellular and molecular forces that provide directional guid-
ance for neuronal migration in the cerebellar cortex. The
general principle of cellular interactions in controlling
neuronal migration may be applicable in other parts of the) Nuclear staining of a coculture of an embryonic EGL explant with the
by PTX. (B) Nuclear staining of a coculture of a postnatal EGL explant with
blocked by PTX. The scale bar is 100 Am. (C) Statistical analysis of the
f explants used: 34 in eEGL + eM, 39 in eEGL + eM + PTX, 42 in pEGL +
eEGL + eM + PTX ( P < 0.001). pEGL + pM is not significantly different
Fig. 6. A model for mechanisms underlying temporal and spatial control of EGL cell migration. The left panel is a diagram of the embryonic cerebellum.
Diffusible attractant (+) and repellent ( ) are present in the embryonic meninges. The embryonic EGL cells respond to the attractive cue in the meninges.
There is a diffusible repulsive activity in the neuroepithelium (NE). The combination of the meningeal attractant and the neuroepithelial repellent prevents the
EGL cells from migrating into the internal layers of the embryonic cerebellum. PPL: prospective Purkinje layer. The right panel is a diagram of the postnatal
cerebellum. Both the attractive and repulsive cues are still present in the postnatal meninges. However, the postnatal EGL cells respond predominantly to the
repulsive cue in the meninges. The neuroepithelium is not present in the postnatal cerebellum and there is no repulsive activity in the Purkinje layer and the
IGL. EGL cells will thus migrate towards the IGL.
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demonstrate that an active mechanism is required to keep
inherently mobile cells in place, which can be generally
important for controlling cell positioning not only in the
nervous system but also in other systems.
A model for temporal and spatial control of cell migration
in the cerebellum
We propose here the first mechanistic model for the
temporal and spatial control of cortical migration (Fig. 6).
Cortical migration is controlled by strategic positioning of
multiple attractive and repulsive cues and developmental
changes in the cellular responsiveness to these cues. In the
embryo, although the meninges contain both attractants and
repellents, the embryonic EGL cells respond predominantly
to the meningeal attractant. There is also a diffusible repel-
lent from the neuroepithelium. The combination of the
meningeal attractant and the neuroepithelial repellent pre-
vents the EGL cells from migrating into the internal layers.
Postnatally, we have shown that the inner layers are not
repulsive. However, both the attractant and the repellent are
still present in the postnatal meninges. Due to a change in
cellular responsiveness, postnatal EGL cells respond to the
repellent in the meninges, but not to the attractive activity.
In other parts of the nervous system, the model outlined
in Fig. 6 may also be applicable. For example, in the
neocortex, it is possible that cells from the ventricular zone
are repelled by cues in the ventricular zone and move
towards the outer layers by attractive cues in the outer
layers or in the meninges. In the spinal cord, the same
principle may also apply.
Molecular identities of the chemoattractive and
chemorepulsive factors
Our model for mechanisms underlying temporal and
spatial control of EGL cell migration provides a frameworkto put molecular players involving in EGL migration into
proper context. We have uncovered both attractive and
repulsive activities in the meninges and a repulsive activity
in the neuroepithelium. The molecular identity of the
attractant in the meninges has been reported recently (Lu
et al., 2001; Zhu et al., 2002).
The role of SDF-1 as the meningeal attractant has been
proven by several findings. (1) Previous findings from mice
lacking SDF-1 and its receptor CXCR4 have led to the
observation of abnormal neuronal positioning in the IGL
(Ma et al., 1998; Tachibana et al., 1998; Zou et al., 1998).
(2) The expression patterns of SDF-1 and CXCR4 are
consistent of a role for SDF-1 in anchoring the EGL cells
(Klein et al., 2001; Lu et al., 2001; Zhu et al., 2002; Zou et
al., 1998). (3) Transwell assays indicate that SDF-1 can
attract postnatal granule cells (Klein et al., 2001; Lu et al.,
2001). (4) In vitro explant coculture assays demonstrate that
embryonic EGL cells are attracted by SDF-1 whereas
postnatal EGL cells are not (Zhu et al., 2002). (5) Meninges
from SDF-1 knock-out mice no longer attract embryonic
EGL cells (Zhu et al., 2002). These results indicate that
SDF-1 is either the predominant or the sole attractant in the
meninges.
The repellent in the meninges is not known, but it is not
SDF-1 because its activity is still present in SDF-1 knock-
out mice (Zhu et al., 2002) and cannot be blocked by PTX
(Fig. 5).
Anchoring as a new mechanism for controlling cell
migration, and perhaps also for regulating axonal and
dendritic connections
Our finding of the use of an attractant to hold responsive
neurons in place is related to a question of general interest
for cell migration in all systems. Cell migration is usually
inferred from changes in cell positioning during develop-
ment or in adult life. In fact, lack of migration is most often
thought to imply the inability of cells to move, and there is
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positions of cells do not change. We propose a new
mechanism named anchoring for actively preventing inher-
ently mobile cells from migrating in a spatially or tempo-
rally erroneous manner.
Multiple potential mechanisms can be used to anchor
cells or neuronal processes. In theory, factors that make cells
lose motility transiently or permanently should anchor cells
for a corresponding period of time. Regulation of the
permissiveness of a migratory pathway could also be used
to anchor cells. Adhesive anchoring is another possible
means to anchor cells. This would involve increased cell
adhesion to substrates or neighboring cells.
Our results with the meninges indicate that an attractive
guidance cue plays an unusual role: not by directing cells to
their target region, but by anchoring the cells beneath the
meninges and preventing them from inward migration. This
mode of anchoring is termed attractive anchoring. There can
also be a mode of repulsive anchoring, whereby a repulsive
cue is placed to prevent cells from entering an otherwise
permissive pathway for migration. Thus, when attractive
and repulsive cues are operating in anchoring, the strategic
localization of the guidance cue is crucial.
If anchoring is a general mechanism inside and outside
the nervous system, a conceptual change is required. Not
only should we continue to investigate why cells move
towards their targets, but we will also have to study why
cells do not move away from certain regions. When cells are
apparently stationary for a short or a long time, they may
still be regulated by active mechanisms. The apparently
nonmigratory behavior of these cells or processes makes it
difficult to pinpoint where these mechanisms function in
normal development. Experimental manipulations will be
required to provide important starting points for exploring
functional roles of anchoring.
Similar mechanism may also exist in other neuronal
processes including axons and dendrites that are known to
undergo long- or short-range navigation. Because there are
common mechanisms regulating neuronal migration, and
axonal or dendritic projections (Polleux et al., 2000; Wu et
al., 1999; Yee et al., 1999; Zhu et al., 1999), it will be
interesting to examine whether anchoring can control the
beginning of outgrowth or temporary stops during axonal or
dendritic navigation. The most obvious step for anchoring to
function is at the termination of axonal or dendritic projec-
tion. Anchoring between the pre- and postsynaptic compo-
nents could be an important step in synaptogenesis. It is also
possible for anchoring to play roles in neural plasticity;
competition for anchoring cues may underlie some forms of
plasticity.
A signaling role for the meninges
While the intact meninges provide physical support to
the nervous system, traditionally they have not been thought
to play any important roles in neural development. Recentwork by Hatten et al. suggested that collagen IV expressed
in the pia could be a ligand for the discoidin domain
receptor 1 (DDR1) and that the interaction between collagen
IV and DDR1 might regulate axon extension of cerebellar
granule neurons (Bhatt et al., 2000).
Our results demonstrate that the meninges provide an
anchoring signal for cerebellar EGL cells. Since the meninx
covers other parts of the nervous system, it may also play
essential roles in the development of other regions. In cell
migration, those roles do not have to be anchoring cells near
the surface, they could also be attracting cells from the
deeper layers into more superficial layers, or repelling cells,
axons or dendrites from more superficial layers to deeper
layers. Although we only have evidence for its role in cell
migration, it may not be too speculative to think of other
possible roles for the meninges.
There are three layers in the meninges, the dura mater,
the arachnoid mater, and the pia, with the pia closest to the
EGL (Angelov and Vasilev, 1989; Kamiryo et al., 1990;
O’Rahilly and Mueller, 1986). Because it is technically not
possible to separate the layers and their precursors in
development (Angelov and Vasilev, 1989; Kamiryo et al.,
1990), we could not test the roles of individual layers of the
meninges for their signaling roles. However, the presence of
SDF-1 in all three layers suggests that there may not be
much difference (Zhu et al., 2002).
Questions about the precise role of glial fibers in neuronal
migration
The migration of EGL cells towards the IGL has long
been thought to depend on radial glial fibers (Hatten, 1999;
Hatten and Heintz, 1995; Rakic, 1971a,b, 1990). Because of
the linear shapes of glial processes, the mere action of
climbing along glial processes may greatly reduce the
possible migratory directions into two. We intended to
address whether radial glia also provide directional guidance
cues for neurons to move one direction vs. another one. Our
results with cells migrating out of EGL explants in vitro
raise questions about the precise role of the glial fibers in
neuronal migration.
In vitro, EGL cells can bind to and migrate along the
glial fibers (Edmondson and Hatten, 1987; Gregory et al.,
1988; Hatten and Liem, 1981; Hatten and Mason, 1990;
Mason et al., 1988). The binding of EGL cells to the glial
fiber requires the cell adhesion molecule astrotactin
(Edmondson et al., 1988; Stitt and Hatten, 1990; Fishell
and Hatten, 1991; Zheng et al., 1996). Because the same
neuron can migrate in both directions along the same glial
fiber (Edmondson et al., 1987; Gregory et al., 1988; Hatten
and Liem, 1981; Mason et al., 1988), the glial fibers
unlikely provide information to guide the direction of
neuronal migration under these conditions. In our studies
of EGL cell migration, the three dimensional matrices are
known to contain extracellular matrix proteins (Kleinman et
al., 1982). Neurons migrating from URL or EGL explants
Y. Zhu et al. / Developmental Biology 267 (2004) 153–164 163were not associated with glial fibers. When neurons were
attracted or repelled by the meninges, they were not asso-
ciated with glial fibers. The glial fibers therefore are not
required in mediating EGL responses to the guidance cues,
which must act directly on neurons.
The conclusions reached from in vitro studies also agree
with in vivo results. Altman and Bayer (1997, pp. 341–347)
reported that migrating EGL cells appeared to move sepa-
rately in vivo and were not associated with glial or neuronal
fibers in postnatal rats of 5, 7 or 10 days of age. After P12,
neurons seem to migrate along the fibers of other neurons in
vivo and along glial fibers later (Altman and Bayer, 1997).
Recently, Nadarajah et al. (2001, 2002) report that, while
neuronal precursor cells in the rat neocortex after E15
prevalently move along glial fibers, early migrating neurons
are not associated with glial fibers.
Our results indicate that the presence of glial fibers is not
absolutely required for EGL neurons to migrate. In vitro
studies of live granule cells indicate that, when glass fibers
were coated with extracellular matrix proteins such as
laminin or fibronectin, granule cells can migrate along the
coated glass fibers (Fishman and Hatten, 1993). This sug-
gests that deposition of extracellular matrix proteins is
sufficient to replace glial fibers. Under our culture condi-
tions, migrating neurons from E15 URL and postnatal EGL
explants appear to be associated with tracks of neuronal
fibers. Although neurons from E17 EGL explants have
leading processes, cell bodies of individual neurons of
E17 explants were not associated with tracks of fibers of
other neurons. At least in the case of E17 neurons, the effect
of guidance cues is unlikely to be mediated by their action
on tracks of neuronal fibers.
The precise roles of the glial fibers are thus not very
clear. Are they facilitating neurons to move faster? Is the
association of neurons and glial fibers used for coordinating
their differentiation than for migration? Are they limiting
neurons to migrate along one dimension among the three
dimensional space? It seems that ablation of specific glial
fibers along which neuronal migration could be traced in
live brain slices is one way to investigate the precise role of
glial fibers.
A related question is the subcellular structure in a single
migrating neuron that senses the guidance cues: is it the cell
body or the leading process? To answer this question, one
may have to develop a method to specifically deliver the
guidance cue to the cell body without affecting the leading
process or to the tip of the leading process without affecting
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